trical double layer can be obtained from studies on electrokiThe main purpose of this work is to research the solvent compo-netic phenomena.
INTRODUCTION
(9) the streaming current (I S ) is related to the z-potential by the equation Ionic porous plugs act as a separation barrier between two phases, generally liquids, allowing different mass transport I S Å (ez/hC)(1 0 G(ka, z))DP, [1] processes of solvent and solutes to take place. The main features of such processes depend on plug structure and where e and h are the dielectric permittivity and the viscosity phase composition in contact with it (1) .
of the liquid medium, respectively, C is the cell constant, z When transport implies simultaneous fluxes of mass and is the electrokinetic potential, G is a correction factor due to electric charges, electrokinetic phenomena can be properly the diffuse double layer overlapping, and DP is the pressure employed to study the electrical properties of the ionic po-difference applied on the porous plug. rous plug-liquid interface. A direct experimental technique
The streaming current data were actually obtained by mulfor researching those properties has not yet been developed tiplication of experimental streaming potential and AC conbut some helpful information about the structure of the elec-ductance data. So the effect of the polarization of the electrodes and their influence on electrokinetic signals is avoided, as shown by van der Linde and Bijsterbosch (10). 1 To whom correspondence should be addressed. E-mail: rhidalgo@ goliat.ugr.es.
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cosimeter AVS-310 and a Dekameter DK-300 (WTW), respectively.
Ethanol and 1-propanol were of analytical grade, bought from Carlo Erba and used without further purification. All chemicals were of AR quality. Water was purified by reverse osmosis, followed by percolation through charcoal and mixed bed ion exchange resins.
Special attention has been paid to the preparation of homogeneous isotropic plugs of polystyrene spheres. The plugs must be mechanically stable and have to be completely wetted in order to avoid structural changes during electrokinetic investigations. The most successful preparation technique employs centrifugation, which is also used to measure coagulation forces. During centrifugation, at a specified speed  FIG. 1 . Dependence of streaming current (I S ) with pressure difference and ionic strength, the latex concentration at the bottom of (Dp) at different composition of ethanol-water mixture. , Water; l, 0.05 the centrifuge tube increases and the bottom most layers start ethanol; ᭡, 0.1 ethanol; ᭢, 0.2 ethanol; and ࡗ, 0.5 ethanol.
to coagulate, whereas the noncoagulated sediment decreases in mass till the critical coagulation force is reached. In our case streaming potential experiments were performed at in concentrated dispersions, the cell constant C was deterpressure differences up to 4 1 10 4 Pa. Even so, no changes mined according to Brigg's empirical method. The ratio bein the structure of the plug were observed, which indicates tween C and the electric resistance of the plug ( R) provides a close-packing of the particles in the plug-holder. The dithe effective electric conductivity.
mensions of the porous plug were 1.54 cm (length) by 0.785 cm 2 (transversal section).
MATERIALS AND METHODS

RESULTS
The anionic latex is an emulsifier-free polystyrene latex which was prepared using emulsion polymerization follow-Ethanol-Water Mixture ing the studies of Goodwin et al. (11) .
The streaming current (I S ) was determined by measuring Particle sizes were obtained using two different methods:
the streaming potential and AC conductance of the polysty-(i) transmission electron microscopy (TEM) and (ii) photon rene porous plug at an ionic strength of 10 04 M of KBr. In correlation spectroscopy (PCS) (Malvern 4700 system).
all cases a linear dependence is found between the streaming The results from both methods were very similar, 1.21 { current and the applied pressure difference, which confirms 0.04 and 1.26 { 0.05 mm, respectively. The polydispersity a laminar flow through the porous plug. Some typical data index was 1.003, confirming monodispersity.
are shown in Fig. 1 . A long and comprehensive cleaning process was followed A change in the solvent composition affects the streaming before measuring the surface charge density of this latex. current values. The values of I S /Dp against the molar fracFirst, it was filtered through glass wool, and then it undertion of ethanol (X E ) are shown in Fig. 2 . As can be seen, a went repeated cycles of centrifugation-decantation-redispersion and finally it was cleaned using serum replacement with DDI water. Upon completion of these processes the specific electrical conductivity of the latex was found to be constant at approximately 5 mS cm 01 . Surface charge density of the latex microspheres was determined by conductometric and potentiometric automatic titration employing a pH meter and 1-propanol-water mixtures were measured using a Vis-using Eq. [1] . Levine's function G(ka, z) varies from 0.074 to 0.048 for pure water and a molar fraction of 0.5 of 1-propanol as liquid media, respectively. As can be seen in Fig. 2 , the dependence of I S /Dp with molar fraction of 1-propanol, X 10P , is clearly nonlinear. These measurements were performed at an ionic strength of 10 04 M of KBr. The dependence of I S /Dp and (e/h) (see Fig. 2 ) on the solvent composition is quite similar; however, other changes in the solid-liquid interface have to be considered to explain the I S . The z-potential, arrived at by using Eq. [1] are shown in Fig. 4 . It can be seen that z depends nonlinearly on the 1-propanol molar fraction, showing a minimum for X 10P Å 0.05. The dependence of I S /Dp on the ethanol-water composition must be explained on the basis not only of the properties nonlinear dependence of I S on X E exists. It can be observed of the liquid mixtures (dielectric constant and viscosity) but that the streaming current diminishes very rapidly, in abso-also on the variation of the z-potential. Thus, this parameter lute value, with increasing molar fraction of ethanol, X E , up plays a significant role in the streaming current generated to X E Ç 0.4. From X E Å 0 to X E Å 0.4, I S /Dp remains by the flux of a binary mixture through a porous plug. practically constant. This behavior must obviously be exOttewill and Vincent ( 12 ) found from adsorption isoplained in terms of the solvent composition effect on the therms of ethanol onto anionic polystyrene latex beads that quantities appearing in Eq. [1] . As shown in Fig. 3 , the term a maximum in the adsorption occurs when the molar fraction e/h shows a dependence on X E that is very similar to that of ethanol is 0.11. It seems that a maximum in the ethanol previously obtained by the streaming current. On the other adsorption corresponds with a minimum in the z-potential hand, we have that ka ӷ 1 for porous polystyrene plugs in since both singular points appear at the same ethanol molar aqueous ethanol. Levine's function G(ka, z) is not so diffi-fraction. Hence, there is a reasonable correlation between cult to assess, the z-potential in it can be established by adsorption and electrokinetic data, despite the different suriteration This function varies between 0.074 and 0.048 for face groups of the polystyrene latexes. Ottewill and Vincent pure water and ethanol as liquid media, respectively. Thus, (12) used microspheres with carboxyl groups while our a close correspondence between the variation of the I S /Dp particles feature sulfate groups. The adsorption and contact values and the properties of the solvent (dielectric permittiv-angle results reported in ( 12) suggest that the basically hyity and viscosity) could be found if the z-potential were drophobic surface of anionic beads is modified by the presconstant with solvent composition. The z-values for this ence of hydrophilic sites. The results obtained in this paper system appear in Fig. 4 , showing that z varies with the molar agree with the counterion displacement mechanism sugfraction of ethanol. There appears a minimum in the negative gested by Ottewill and Vincent (12) and recently confirmed z-potential for X E Å 0.15. Then, it increases with increasing ethanol content in the mixture up to X E Å 0.4, and finally for higher ethanol molar fractions the z-potential is practically constant.
The structure of the electrical double layer of polystyrene in aqueous media is affected by the presence of ethanol molecules. The structural modifications which occur in the water-ethanol mixtures are due to the formation of hydrogen bonding, and these modifications affect the viscosity and dielectric permittivity of the liquid phase and also the electrical state of the polymer-liquid interface.
1-Propanol-Water Mixture
The dependence of I S with Dp is also linear for the 1-propanol-water mixtures studied, confirming the laminar character of the flux through the porous plug. Hence, the conversion of streaming current into z-potential can be done lyte effects, since the dissociation of KBr is a function of alcohol concentration.
The z-potential dependence with alcohol concentration suggests a change in the interaction between the liquid and the solid phases as the composition of the liquid binary mixture varies. The observed z-potential minimum (z-potential versus alcohol concentration plot) can be related to the z-potential minimum (z-potential versus electrolyte concentration plot), which has been discussed at length in the literature. There is reason to believe that the two phenomena are closely related. According to the hairy layer model, electrical repulsion between the polar head groups and surface, and solvation of the polymer chains influence hairy layer thickness. Using the hairy layer model, Verdegan and Anderson (4) explained the anomalous behavior of a highly  FIG. 5 . kd-Factor against molar fraction of alcohol (, ethanol-water; charged cationic polystyrene latex in methanol-water mixl, 1-propanol-water).
tures in terms of solvent effects on the adsorbent.
According to the Gouy-Chapmann model, the relationship between the surface potential, c o and the potential c, by Vincent (13) . According to this mechanism adsorption at a distance, x, away from the surface is given by of ethanol molecules on the charged hydrophilic sites leads to desorption of the counterions in the vicinity of the sulfate
, [2] groups. This explanation in terms of ethanol molecules displacing counterions is exactly the same as that used by Vincent et al. (13) for the effect of alcohol on the coagulawhere, k 01 is the electric double layer thickness, z is the ion tion concentration of polymer latexes in mixed solvents.
valency, e is elementary charge, K is Boltzmann constant, The decrease of the z-potential ( more negative values) with and T is temperature. increasing ethanol content mixture suggests that the initial The relationship between s and c is given by adsorption of ethanol occurs on the hydrophilic sites, possibly by ion-dipole association with the ionized sulfate groups. On these sites the less polar group of the ethanol c Å 2KT ze sinh 01 ͫ 2pzes eKTk ͬ .
[3] molecule is oriented toward the solution phase. As the ethanol content in the aqueous mixture increases, further adsorption of ethanol takes place on the hydrophobic surface sites. It is assumed that the charge of the latex is situated not only Subsequently, adsorption of water might increase rapidly on the surface but also on the polymer chains extending into due to the very hydrophilic surface that is produced by the the double electric layer. This causes the shear plane to move high surface density of hydroxyl groups from the adsorbed with changing electrolyte concentration. It moves in such a ethanol molecules. Grossmann and Ebert ( 14) found that way that at lower electrolyte concentrations, the repulsion ethanol shows signs of increased cluster formation at a com-forces between these chains and surface charged groups position of 1 ethanol to 5 water molecules. Also, Laaksonen cause the extension of polymer chains toward the bulk soluand Kulmala ( 15) have developed a new thermodynamic tion. Increasing the electrolyte concentrations leads to a colmodel for the description of critical clusters in water -alco-lapse of these chains and causes a reduction of the distance hol systems which agrees with our electrokinetic data on between the shear plane and the surface. At higher concentrathe polystyrene /ethanol-water system. This might explain tions the double layer is compressed and the polymer chains the increase in the adsorption of water found by Ottewill have completely collapsed onto the surface. We can assume and Vincent ( 12) for ethanol molar fractions above 0.26. that the hairy layer model used to explain the anomalous Consequently, the explanation given for the adsorption and electrokinetic behavior with electrolyte concentration is also wetting behavior of ethanol on polystyrene microspheres able to give a reasonable explanation of the solvent effect is qualitatively supported by the electrokinetic behavior of on z-potential of polymer-binary liquid mixtures interfaces. polystyrene beads with sulfate groups on their surface. From As this layer is diffuse we use formulas of the Gouy-Chap-X E Å 0.4, the z-potential is practically constant and a mann to calculate the position of the shear plane by substitutstraight parallelism is found between I S / Dp and e/ h with ing the value of z-potential obtained by the combined theory the solvent composition. The constant value of the z-poten-of Levine-Olivares. Figure 5 shows the variation in hairy tial when the ethanol is the predominant component in the layer thickness, d, multiplied by the reciprocal of the electrical double layer thickness, k, as a function of the molar binary mixture can be explained on the basis of the electro- fraction of alcohol in the ethanol-and 1-propanol-water tive and accurate elastic light scattering measurements. According to these authors a cluster is formed by 8 molecules mixtures. For ethanol-water mixture the factor dk does not depend on solvent composition, but for 1-propanol-water of 1-propanol and a solvation envelope of about 40 water molecules, these clusters are very stable and their radius mixtures this factor increases with increasing alcohol content in the binary mixture. These results seem to indicate that (0.8 nm) and apparent molecular weight (400 g/mol) is maximum for low molar fraction of 1-propanol. The singular the thickness of the hairy layer depends on the solvent composition and that 1-propanol is able to increase that thickness. points of the z-potential variation in the polystyrene-binary mixture system appears around a X 10P of 0.05 as well (see The clusters formed in 1-propanol-water medium may play an important role in the solvation of the polymer chains. Fig. 4) . Hence, we believe that the increase in the thickness of the hairy layer of polystyrene microspheres with the 1-The formation of clusters in 1-propanol-water has been well established by Grossmann and Ebert (14) using very sensi-propanol content in the aqueous binary mixture is due to the
